The discharge characteristics of silver vanadium oxide (SVO) as a cathode in lithium-silver vanadium oxide (Li-SVO) primary battery was studied under various operating conditions. The cathode yielded a capacity of 260 mAh g )1 at a current density of 0.08 mA cm )2 , although the theoretical capacity of this material is 315 mAh g )1 . The pulse discharge characteristics were studied under conditions that simulate battery operation inside an implantable cardio-verter defibrillator (ICD). The variation of the ohmic resistance of the system was studied as a function of depth of discharge. Rate capability and impedance studies indicated high diffusion limitations for this system especially at high depth of discharge. Morphological changes during discharge were also discussed using scanning electron microscopic studies.
Introduction
Silver vanadium oxide (SVO) batteries have been used extensively in implantable medical devices [1] [2] [3] [4] [5] [6] . The material intercalates lithium reversibly between 1.5 and 3.6 V (over limited cycles) with a reported specific capacity of 300 mAh g )1 for a current of 0.1-2.0 mA cm )2 . The theoretical specific capacity of SVO is 315 mAh g )1 [1] . Keister [7] introduced a commercial Li/SVO cell based on Ag 2 V 4 O 11 cathode, lithium anode and liquid organic electrolyte. Later Takeuchi et al. [8] optimized the system by employing a multiple electrode design. They also made attempts to optimize the system by varying the silver/vanadium ratios in the material ranging from 0.02 to 2 [9] . Upon electrochemical discharge (lithium intercalation), an important loss of crystallinity of SVO occurs over the range 0 < x < 2.4 ('x' is the moles of Li + intercalated in Li x Ag 2 V 4 O 11 ) with the concurrent reduction of Ag + to Ag 0 , which constitutes 30% of the overall capacity of SVO [7] [8] [9] . This reduction results in the formation of metallic silver, which was found to greatly increase the conductivity of the cathode material [10] . Subsequently, the reduction of V 4+ fi V 3+ can compete with reduction of V 5+ fi V 4+ when x> 3.8, resulting in the formation of mixed-valent composite materials containing vanadium (III) and (IV). The discharge reaction is a multi-step reduction in three distinguishable regions. The lithium intercalation behavior in SVO has also been studied and discussed elsewhere [10] [11] [12] [13] .
Crespi et al. [14] [15] found that for high current densities and long pulse durations, concentration polarization predominates, especially at large depths of discharge. Mass-transfer limitations were observed when the pulse current density and the pulse length were increased [16] . However there is no in-depth study yet reported on the impedance and pulse characteristics of SVO. Also the diffusion behavior of the cathode has not yet been addressed. The objective of this work is to analyze and understand in detail, the discharge behavior of SVO. In this paper we discuss some characteristics of the Li-SVO upon electrochemical discharge. The variation of the ohmic resistance, impedance, surface film resistance, solid diffusion characteristics and morphological changes are addressed. The paper also discusses the various parameters estimated using AC impedance analysis at various depths of discharge. Morphological changes of SVO as a function of depth of discharge is also discussed.
Experimental
All electrochemical experiments were performed using a commercial Li-Ag 2 V 4 O 11 cell, which consists of a lithium foil anode and SVO cathode. All measurements were made with reference to lithium and hence the cell can be treated as a half cell with SVO as working electrode and lithium metal serving as both counter and reference electrodes. The cell uses a polypropylene separator and electrolyte of functional type 1 M LiAsF 6 in a 1:1 mixture (by volume) of PC:DME. Nickel and titanium current collectors were used on the anode and cathode sides, respectively. All experiments were performed at both room temperature (27°C) and at Journal of Applied Electrochemistry (2006) 36:487-497 Ó Springer 2006 DOI 10.1007/s10800-005-9103-x 37.5°C. In this paper, the data are reported only for room temperature studies.
Galvanostatic discharge and pulse discharge studies were done with an Arbin battery cycler and analyzed using the Mitspro 3.0 software package. The current used for the low rate galvanostatic discharge experiment was 0.08 mA cm )2 . This corresponds to a rate of C/250. Pulse discharge experiments utilized a 10 s, 30 mA cm )2 pulse with an hour ''off'' time for cell recovery. The long ''off'' time ensured that the cell reached equilibrium before undergoing the next pulse. The pulse discharge was performed until the cell voltage reached zero volts at the end of the pulse. However, the OCV of the cell at this stage was well above 1.5 V. High rate galvanostatic discharge was done at a rate of 30 mA cm )2 with a cutoff voltage of 1.5 V (in order to be consistent with the pulse discharge experiments).
SEM studies were carried out on cathode samples harvested from cells at various depths of discharge. For this the Li-SVO cell was discharged to the desired voltage using a current of 0.1 mA cm )2 and allowed to equilibrate under open circuit for about 5 h. The individual cathodes were then harvested out of the cells inside an argon filled glove box. The samples were then dried under vacuum for 24 h and analyzed using a Hitachi S-4800 field emission scanning electron microscope. EIS studies were performed using a Solatron SI 1255 high frequency analyzer coupled with Princeton EG&G Model 273A potentiostat. Corrware and ZPlot software (Scriber Associates Inc.,) were used to run the EIS experiments and to process the data obtained. The amplitude of the input AC signal was ±5 mV and the frequency range was between 10 kHz and 10 mHz. ZView software was used for equivalent circuit fitting of the impedance data.
Results and discussion

Galvanostatic discharge studies
The experimental specific capacity of SVO was determined by discharging the Li-SVO cell galvanostatically at very low rate (0.08 mA cm )2 or C/250). The literature reports a theoretical gravimetric capacity of 315 mAh g )1 for SVO [1] . In our experiments, SVO yielded 260 mAh g )1 capacity for a current density of 0.08 mA cm )2 and for a cut-off voltage of 1.5 V. The galvanostatic discharge profile of SVO can be seen in Figure 1 with distinct plateaus at 2.8, 2.5 and 2.2 V, each corresponding to a specific electrochemical reduction [17] . Plateau A corresponds to silver reduction (Ag + to Ag 0 ), while plateau B refers to the dominant V 5+ to V 4+ reduction, as well as a competing reduction from V 4+ to V 3+ . The reduction of V 4+ to V 3+ also leads to the formation of plateau C. However, the complexity of the shape of the discharge profile indicates that reduction of SVO takes place in more than three steps. The voltage decay proceeds rapidly from the end of plateau B, falling from 2.5 to 1.5 V. This indicates that the major contribution to the capacity comes from the Ag + and V 5+ reduction. The electrochemical reduction of SVO combined with the lithium discharge at the anode results in the following overall cell reaction
where ''x'' is the amount if lithium intercalated into the structure of SVO. For a cut-off voltage of 1.5 V, as high as 7 moles of lithium was intercalated into SVO [14] .
The reduction of V 4+ to lower oxidation states yields little, if any, useful capacity. It has been found previously that both chemical and electrochemical lithiation of SVO show the completion of silver reduction after nearly 3 moles of lithium had been intercalated into the structure of Ag 2 V 4 O 11 [17] . The relationship between cell potential and 'x' of Li + intercalated in Li x Ag 2 V 4 O 11 can be obtained from Figure 1 for further analysis.
Pulse discharge studies
The SVO batteries employed in implantable cardioverter defibrillators (ICDs) undergo regular or intermittent pulse loads whenever tachycardia (abnormal heart beat) events are detected. As these batteries are being increasingly used for ICD applications, it would be more interesting to study the pulse performance of these batteries under pulse loads that are comparable to the loads delivered by an ICD. Figure 2 shows the output voltage profile for a typical pulse load. The total time of a single pulse (T) is defined as the pulse period (T=T on +T off ), where T on and T off represent the ''on'' and ''off'' pulse durations, respectively. As shown in Figure 2 , the output voltage has three main parts. The initial voltage drop (DV IR ) (difference in the voltage between points 'a' and 'b' in Figure 2 ) was due to the effective internal ohmic resistance of the cell which was proportional to the applied pulse current. The second 
